Abstract-Previous studies have demonstrated a role for voltage-gated K ϩ (Kv) channel ␣ subunits of the Kv4 subfamily in the generation of rapidly inactivating/recovering cardiac transient outward K ϩ current, I to,f , channels. Biochemical studies suggest that mouse ventricular I to,f channels reflect the heteromeric assembly of Kv4.2 and Kv4.3 with the accessory subunits, KChIP2 and Kv␤1, and that Kv4.2 is the primary determinant of regional differences in (mouse ventricular) I to,f densities. Interestingly, the phenotypic consequences of manipulating I to,f expression in different mouse models are distinct. In the experiments here, the effects of the targeted deletion of Kv4. 
with cardiac hypertrophy, 19 which was blocked by inhibition of calcineurin and Ca 2ϩ influx. 20 Suppression of I to,f in neonatal rat ventricular myocytes in vitro also reportedly results in cellular hypertrophy, 21 and overexpression of Kv4.2 (and upregulation of I to,f ) prevents this effect. 22 Although hypertrophy was attributed to the attenuation of I to,f in these studies, 19 -22 hypertrophy is not evident in Kv4.2DN 7 
or in KChIP2
Ϫ/Ϫ 14 ventricles in which I to,f is undetectable. 4, 7, 14 The experiments here were undertaken to explore the role of Kv4.2 in the generation of mouse ventricular I to,f channels. Voltage-clamp recordings from myocytes isolated from mice bearing a targeted disruption of the KCND2 locus (Kv4.2 Ϫ/Ϫ ) reveal that I to,f is eliminated. Although there is no detectable effect on Kv4.3 expression, KChIP2 expression is markedly reduced in Kv4.2 Ϫ/Ϫ ventricles. The results demonstrate that the Kv4.2 ␣ subunit is required for functional cell surface expression of mouse ventricular I to,f channels and that the loss of I to,f does not result in hypertrophy or compromised cardiac functioning.
Materials and Methods
Animals were handled in accordance with the NIH Guide for the Care and Use of Laboratory Animals; all protocols were approved by the Washington University Animal Studies Committee. The generation of the Kv4.2 Ϫ/Ϫ mice and the methods/protocols used in the present study are detailed in the online data supplement available at http://circres.ahajournals.org.
Results

Targeted Disruption of the KCND2 (Kv4.2) Locus
In the targeting construct used to generate Kv4.2 Ϫ/Ϫ mice ( Figure 1A ), described in the expanded Materials and Methods section in the online data supplement, all of exon 1 was replaced with a neomycin cassette, eliminating the KCND2 coding sequence from the beginning of the N terminus to the middle of the S5-S6 (pore) loop. This approach removed essentially all of the Kv4.2 protein, thereby preventing the generation of mutant/truncated Kv4.2 protein that might, if expressed, exert dominant-negative effects on channels encoded by other Kv4 subfamily members.
For screening embryonic stem (ES) cells and mice, 5Ј and 3Ј probes were designed ( Figure 1A ) to distinguish between the targeted and endogenous KCND2 sequences. Southern blot analysis of BamH1-digested genomic DNA from ES cells that survived the selection procedure (Supplemental Materials and Methods) confirmed the presence of the targeted allele ( Figure 1B) . The wild-type (WT) bands are at Ϸ18 kb, and the bands corresponding to the targeted allele are at 6.2 kb and 11.8 kb for the 5Ј and the 3Ј probes ( Figure 1B) , respectively. Figure 1C . Northern blot analysis of brain, heart, and liver mRNA samples from 3 of these mice reveals the presence of Kv4.2 mRNA in the brains and hearts of Kv4. Figure 2 ). In particular, the rapid component of current decay, which reflects I to,f 2,3,7 and is prominent in WT LVA cells (Figure 2A ), is not evident in Kv4.2 Ϫ/Ϫ LVA cells ( Figure 2B ). Kinetic analysis of the decay phases of the currents indeed revealed that the rapidly inactivating current is eliminated in all Kv4.2 Ϫ/Ϫ LVA myocytes (Table 1) . Previous studies have demonstrated that peak Kv current densities are lower and that I to,f densities are variable in interventricular septum myocytes. 2, 3, 7 In Ϸ75% of WT septum cells, I to,f is expressed, whereas in the other Ϸ25%, I to,f is undetectable. 2 All septum cells, however, express a rapidly activating and slowly inactivating/recovering transient Kv current, I to,s , that is not expressed in LVA myocytes. 2, 3, 7 In all Ϫ/Ϫ (B) LVA and interventricular septum myocytes in response to 4.5-sec depolarizing voltage steps to Ϫ40 to ϩ50 mV from a holding potential of Ϫ70 mV. The currents were normalized for differences in cell size, and current densities are plotted. The rapid component of current decay, which is prominent in WT LVA cells (A), is absent in Kv4.2 Ϫ/Ϫ myocytes (B). In addition, the waveforms of the currents in Kv4.2 Ϫ/Ϫ LVA and septum cells are similar. C through E, To examine the kinetics of Kv current recovery from inactivation, a 3-pulse protocol was used. After inactivating the currents during 10-sec prepulses to ϩ50 mV, cells were hyperpolarized to Ϫ70 mV for varying times (10 ms to 10 sec) before test depolarizations to ϩ50 mV. Representative current waveforms recorded from WT (C) and Kv4. Kv4.2 Ϫ/Ϫ septum cells, I to,f is undetectable ( Figure 2B ). Peak Kv current densities are also reduced in right ventricular (RV) myocytes from Kv4.2 Ϫ/Ϫ animals (supplemental Figure I ), and similar to Kv4.2 Ϫ/Ϫ LVA and septum cells, I to,f is undetectable in Kv4.2 Ϫ/Ϫ RV myocytes (Table 1) . Indeed, the Kv currents in Kv4.2 Ϫ/Ϫ RV (LVA and septum) cells are indistinguishable from those recorded from myocytes expressing the dominant-negative Kv4.2DN construct (supplemental Figure I ), in which I to,f is eliminated. 4 -6 Slowly Inactivating Current Is Evident in Kv4.2 ؊/؊
Generation and Characterization of KCND2
LVA Myocytes
As reported previously, 2,3,7 the decay phases of the peak outward currents in WT LVA cells are well described by the sum of 2 exponentials with meanϮSEM (nϭ27) decay time constants ( decay ) of 72Ϯ4 ms and 956Ϯ45 ms. In Kv4.2 Ϫ/Ϫ LVA cells, current decay is also biexponential, although the meanϮSEM (nϭ26) decay were 212Ϯ19 and 1140Ϯ85 ms. These results suggest that, in the absence of I to,f , a slowly inactivating current component, that is not evident in WT LVA cells, is expressed. The decay of this current is similar to the decay for I to,s in WT septum cells, suggesting that elimination of I to,f in LVA myocytes results in I to,s upregulation. Similar results were obtained on analysis of the Kv currents in Kv4.2 Ϫ/Ϫ RV cells (supplemental Figure I ). Another interpretation of the appearance of the slowly decaying current in Kv4.2 Ϫ/Ϫ LVA and RV cells might be that this current reflects the expression of homotetrameric Kv4.3 channels. Indeed, it is well documented that Kv4.3 can form functional homomeric channels in heterologous expression systems. 10 In addition, in large mammals, including humans, Kv4.2 is not expressed and functional I to,f channels appear to be encoded by Kv4.3. 1, 11, 12 Subsequent experiments, therefore, were aimed at distinguishing between these 2 possibilities.
No Fast Component of Recovery Is Evident in Kv4.2 ؊/؊ Ventricular Myocytes
In addition to rapid inactivation, mouse ventricular I to,f is characterized by rapid recovery from inactivation. 24 Subsequent experiments, therefore, were focused on determining whether there were residual HpTx-sensitive currents in Kv4.2 Ϫ/Ϫ myocytes. In WT LVA and septum cells, 300 nmol/L HpTx-3 blocks a substantial component of the rapidly inactivating current ( Figure 3A) . The waveforms of the HpTx-3 sensitive currents are consistent with the selective attenuation of I to,f . In contrast, Kv currents in Kv4.2 Ϫ/Ϫ LVA and septum cells are not measurably affected by 300 nmol/L HpTx-3 ( Figure 3B ). The simplest interpretation of these results is that there are no Kv4-encoded currents in Kv4. 
Functional Consequences of the Targeted Deletion of Kv4.2
To examine the functional consequences of the deletion of KCND2, telemetric electrocardiographic (ECG) recordings were obtained from adult (10-week) WT and Kv4.2 Ϫ/Ϫ animals. As evident in the representative recordings in Figure 4A , the morphologies of the QRS complexes and P waves in WT and Kv4.2 Ϫ/Ϫ animals are indistinguishable. In addition, there were no significant differences in the durations of the QT, PR, QRS, or RR intervals in WT and Kv4.2 Ϫ/Ϫ mice ( Table 2 ). Mean heart rates measured in WT and Kv4.2 Ϫ/Ϫ animals are also indistinguishable, and mean corrected QT (QT c ) intervals in 10-week Kv4.2 Ϫ/Ϫ and WT animals are, therefore, not significantly different ( Table 2) . Similar results were obtained in animals monitored at 5 to 6 months of age ( Figure 4C ).
Molecular Basis of Kv Channel Remodeling in Kv4.2 ؊/؊ Ventricles
The electrophysiological findings that I to,f is eliminated and that there is no evidence for the presence of Kv4.3 channels 10, 12, 16 and that I to,f in large mammals reflects homotetrameric Kv4.3 channels. 11, 12 These results suggested the interesting possibility that Kv4.3 expression might be affected by the deletion of Kv4.2. In addition, the electrophysiological studies demonstrated the functional upregulation of a slowly inactivating/recovering Kv current in LVA and RV myocytes with properties similar to Kv1.4-encoded I to,s channels in WT septum cells, suggesting that Kv1.4 expression might also be affected in Kv4.2
Subsequent experiments were focused on exploring the hypothesis that molecular remodeling occurs in Kv4.2 Ϫ/Ϫ ventricles. In initial experiments, the expression levels of the transcripts encoding Kv subunits and a variety of other ion channel subunits (supplemental Table II) were examined using TaqMan Low Density microarrays 25 (Supplemental Materials and Methods). These analyses revealed little evidence of molecular remodeling at the transcript level. The expression levels of the various subunits shown previously to contribute to I to,f , KCND3 (Kv4.3), 10 KCNIP2 (KChIP2), 10 and KCNAB1 (Kv␤1) 23 are not measurably different in Kv4.2 Ϫ/Ϫ and WT ventricles ( Figure 5A ). In Kv4.2 Ϫ/Ϫ ventricles, there is a small, but statistically significant (PϽ0.01) increase in KCNA5 (Kv1.5), which encodes 1 component of I K,slow , 8, 9 whereas the expression levels of several other Kv channel subunits ( Figure 5A ), as well as of a host of other channel genes (supplemental Figure II) , are not significantly different in WT and Kv4.2 Ϫ/Ϫ ventricles. To validate the TaqMan low-density array data, SYBR green quantitative RT-PCR was performed on Kv4.2 Ϫ/Ϫ and WT ventricles using Kv subunit specific primers (supplemental Table III ). These analyses also revealed no significant differences in Kv1.4, Kv4.3, Kv␤1, or Kv2.1 expression in Kv4.2 Ϫ/Ϫ and WT ventricles ( Figure 5B ) and a small, but statistically significant (PϽ0.05), increase in Kv1.5 ( Figure  5B ). Using primers that detect the KCNIP2a, -b, and -c splice variants, the SYBR green RT-PCR revealed a small (Ϸ20%), but statistically significant (PϽ0.01), reduction in KChIP2 expression in Kv4.2 Ϫ/Ϫ ventricles ( Figure 5B ). The small reduction in KCNIP2 expression is also evident in samples from 5-month-old Kv4.2 Ϫ/Ϫ animals ( Figure 5F ). Taken together, these combined analyses ( Figure 5 and supplemental Figure II ) demonstrate very little molecular remodeling at the transcript level in Kv4.2 Ϫ/Ϫ ventricles.
To determine the effects of the targeted deletion of Kv4.2 on the expression levels of Kv subunit proteins, Western blot analyses of LV and RV membrane proteins were completed. As illustrated in Figure 6 , Kv4.3 expression is similar in WT and Kv4.2 Ϫ/Ϫ LV and RV samples. Expression of Kv␤1, Kv1.5, and Kv2.1 is also unaffected by the elimination of Kv4.2 ( Figure 6 ). In contrast, KChIP2 protein expression is markedly (PϽ0.001) reduced in Kv4.2 Ϫ/Ϫ (right and left) ventricles ( Figure 6 ). Although the quantitative RT-PCR analysis did reveal a (small) reduction in KCNIP2 expression, the reduction in KChIP2 protein (Ϸ90%) is substantially greater than would be expected by the reduction (Ϸ20%) in message expression alone.
Discussion Targeted Disruption of Kv4.2 Eliminates Mouse Ventricular I to,f
The results presented here demonstrate that I to,f is eliminated in myocytes isolated from the left and right ventricles and from the interventricular septum of Kv4.2 Ϫ/Ϫ mice. In addition, there are no rapidly inactivating/recovering Kv currents and no residual HpTX-3-sensitive currents detected in Kv4.2 Ϫ/Ϫ ventricular myocytes. There is no evidence, therefore, that Kv4.3 forms functional homomeric Kv channels in Kv4.2 Ϫ/Ϫ mouse ventricles. The elimination of I to,f is accompanied, however, by an increase in a slowly inactivating/ recovering Kv current similar to I to,s in WT septum cells. These observations, ie, the loss of I to,f and the upregulation of I to,s , are similar to previous findings in mice expressing a mutant Kv4.2 ␣ subunit, Kv4.2DN, that functions as a dominant negative. 4, 7 In contrast to cells/animals expressing Kv4.2DN, 4, 7 however, the loss of I to,f in Kv4.2 Ϫ/Ϫ hearts is not reflected in altered action potential waveforms or electrocardiograms.
The fact that action potential waveforms and QT c intervals in Kv4.2 Ϫ/Ϫ and WT myocytes/animals are indistinguishable suggests that the upregulation of I to,s compensates for the loss of I to,f . Action potential and QT c prolongation, however, are evident in Kv4.2DN mice, 4, 7 in which I to,f is also eliminated and I to,s is also upregulated. There is a statistically significant (PϽ0.001) difference in the magnitude of I to,s measured in Kv4. 3, 27 or changes in the mechanisms regulating channel trafficking and cell surface expression. 1,28 -30 The finding that Kv4.3 message/protein expression is not measurably affected in Kv4.2 Ϫ/Ϫ ventricles lacking I to,f clearly suggests that mouse Kv4.3 subunits cannot coassemble and/or traffic properly in the absence of Kv4.2. Subunitspecific differences in the regulation of channel assembly and trafficking have been described for Kir subunits. 31, 32 It is certainly also possible that assembled homomeric Kv4.3 channels do not traffic properly to the cell surface, owing to changes in the properties and/or expression of additional factors, such as auxiliary subunits 27 or cytoskeletal components. 28 -30 In this context, it is interesting that KChIP2 protein expression is markedly reduced in Kv4.2 Ϫ/Ϫ ventricles. There are also modest changes in KCNIP2 expression, although it seems almost certain that the predominant effect in Kv4.2 Ϫ/Ϫ ventricles is posttranscriptional, reflecting changes in the synthesis or the degradation of the KChIP2 protein.
Essential Role for Kv4.2 in the Generation of Mouse Ventricular I to,f Channels
Previous studies have demonstrated that Kv4.2 and Kv4.3 coimmunoprecipitate from adult mouse ventricles, an observation interpreted as suggesting that Kv4.2 and Kv4.3 associate to form heteromeric I to,f channels. 10 In addition, Kv4.2 is differentially expressed in mouse ventricles and differences in Kv4.2 expression parallel regional variations in I to,f densities. 10 The observation here that there are no rapidly inactivating/recovering Kv currents, as well as no HpTx-sensitive Kv currents, in Kv4.2 Ϫ/Ϫ ventricles suggests that, in the absence of Kv4.2, Kv4.3 cannot form functional cell surface Kv channels in mouse ventricles. Kv4.2, therefore, plays an essential role in the generation of functional cell surface mouse ventricular I to,f channels. These findings were unexpected in light of previous studies suggesting that Kv4.3 forms functional channels in heterologous systems 10, 12, 27 and that homomeric Kv4.3 channels underlie I to,f in large mammals, including humans. 11, 12 The absence of functional I to,f channels and the loss of the KChIP2 protein in Kv4.2 Ϫ/Ϫ , compared with WT, ventricles. The difference in KCNIP2 expression here may reflect the fact that the primers used detect the KCNIP2a, -b, and -c variants, whereas the TaqMan analysis only detects the KCNIP2a and -b variants. C, The decrease in KCNIP2 expression is also evident in 5-month Kv4.2 Ϫ/Ϫ ventricles (nϭ6).
